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We describe a new regime for low-field magnetoresistance in organic semiconductors, in which the
spin-relaxing effects of localized nuclear spins and electronic spins interfere. The regime is studied
by the controlled addition of localized electronic spins to a material that exhibits substantial room-
temperature magnetoresistance (∼ 20%). Although initially the magnetoresistance is suppressed by
the doping, at intermediate doping there is a regime where the magnetoresistance is insensitive to
the doping level. For much greater doping concentrations the magnetoresistance is fully suppressed.
The behavior is described within a theoretical model describing the effect of carrier spin dynamics
on the current.
Organic semiconductors (OSC) exhibit intriguing
room-temperature spin-dependent phenomena, includ-
ing magnetic field effects on “radical pairs”.1–9 Radical
pairs, which are spin-carrying excitations that occupy
neighboring molecules in an organic film, can consist of
electron-hole pairs, electron-electron (or hole-hole) pairs,
and mixed pairs consisting of a spin-1/2 polaron and a
spin-1 triplet exciton. These radical pairs can undergo
spin-dependent reactions, which due to the large on-site
exchange energies in OSC, depend sensitively on the pair
spin state. The spin-dependent behavior of radical pairs
that occupy transport bottleneck sites can have a signifi-
cant effect on the conductivity9,10 and electroluminescent
efficiency6,11 of an organic device. The spin dynamics of
these radical pairs is sensitive to the presence of magnetic
fields, including an applied magnetic field, an exchange
or dipolar field with neighboring spins (localized or mo-
bile), and a nuclear (hyperfine) field. Low-field, room-
temperature magnetoresistance in OSC with nonmag-
netic electrodes, so-called “OMAR”, is one consequence.
Even though the exact mechanism behind OMAR is still
debated12, it is widely believed to be related to hyperfine
interactions and radical pair effects as described above,
at least in some materials. The effects of additional radi-
cal dopant spins on these phenomena were first studied in
the context of organic solar cells13,14. The efficiency and
short circuit current of doped P3HT/PCBM solar cells
were maximum for a certain doping percentage (∼ 3%),
which was suggested to originate from galvinoxyl spins
near the PCBM side of the P3HT/PCBM boundary that
interacted with electrons to decrease recombination losses
by facilitating intersystem crossings to triplet states.
Here we examine, experimentally and theoretically, the
influence of radical doping on the transport characteris-
tics in a single organic semiconductor (MEH-PPV). We
find that for initial doping the effect of the radical spins
is to relax the spins, thus reducing the effect of mag-
netic fields on the organic magnetoresistance. For in-
termediate doping ranges, however, the saturation value
of the organic magnetoresistance plateaus. This corre-
sponds to doping densities and interaction strengths for
which a dopant spin interacts strongly with only one com-
ponent of the radical pair. This interaction interferes
with the typical transport bottleneck behavior of a rad-
ical pair. The consequence is a reduction of the OMAR
to half its undoped value; the value of this plateau is
very weakly dependent on temperature and other device
characteristics. For further doping a dopant spin inter-
acts strongly with both components of the radical pair,
and for sufficiently large doping the OMAR is fully sup-
pressed. We describe this effect theoretically in a model
of spin-dependent recombination, including the hyperfine
field and the dopant spin. We reproduce quantitatively
the value of the OMAR plateau, and qualitatively the
doping dependence of OMAR. Our conclusions also sup-
port the tentative interpretations of the mechanism in
doped organic solar cells in Refs. 13 and 14.
FIG. 1. (Color online) Schematic of device structure. Dopants
(green, smaller symbols) in an organic host material (larger,
gray symbols). Bottleneck in host is denoted by sites 1 and
2. Black arrows (vertically aligned) are electron or hole spin
vectors. Red arrows (randomly oriented) are hyperfine field
vectors. Lower right: HOMO, LUMO, and SOMO levels for
MEH-PPV and galvinoxyl as well as the electron affinity and
ionization potential for galvinxoyl.13,15
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FIG. 2. Room-temperature magnetoconductance traces for
a constant applied voltage for several galvinoxyl doping con-
centrations. Current flow through sample was approximately
1.5 µA. Inset: The current-voltage characteristics of the de-
vice studied.
Galvinoxyl (a commercially available free radical with
excellent stability, see Fig. 1 for its chemical structure)
was purchased by Aldrich and added at varying con-
centrations to MEH-PPV solutions in toluene. OMAR
devices based on films (thickness of around 130 nm)
spin-cast from these solutions were then fabricated (see
Fig. 1). More specifically, the devices’ fabrication started
with glass substrates coated with 40 nm of indium tin ox-
ide (ITO), which were cleaned by ultrasonic and plasma
treatment. ITO, coated with a ≈100 nm thick layer of the
conducting polymer Poly (3,4-ethylenedioxythiophene)-
poly (styrene-sulfonate) (PEDOT:PSS), serves as the
anode or hole-injecting contact. Then the organic
galvinoxyl-doped MEH-PPV layer was spin-cast. The
top/electron-injecting electrode (cathode) consisting of
calcium (20 nm) and a capping layer of aluminum
(40 nm) was fabricated by thermal evaporation at a base
pressure of 10−7 mbar. The device area was roughly 1×1
mm2.
The samples were measured inside the dynamic vac-
uum of a cryostat located between the poles of an elec-
tromagnet. All data shown in this manuscript are for
room temperature, unless specified otherwise.
Fig. 2 shows the room-temperature magnetoconduc-
tance traces for a constant applied voltage for several de-
vices with different concentrations of the radical dopant.
The corresponding current-voltage (I-V) characteristics
of the devices are shown in the inset. Note that the ad-
dition of galvinoxyl does not dope the device in the sense
of enhancing conductivity; rather the galvinoxyl radicals
form immobile spins, as expected from the location of its
energy levels compared to those of MEH-PPV (see Fig. 1
for energy levels). The OMAR trace for the pure MEH-
PPV film closely resembles traces commonly measured in
a variety of organic semiconductor devices7. The char-
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FIG. 3. Dependence of the magnetoconductance magnitude
at 0.1T on the galvinoxyl concentration for several different
temperatures. The devices were operated at a constant volt-
age, resulting in a current flow of approximately 1.5 µA.
acteristic width of the traces (about 10 mT) corresponds
to the hyperfine interaction scale. The OMAR traces for
the devices with galvinoxyl dopants exhibit the same line
shape, but the magnetoconductance magnitude decreases
with increasing radical dopant concentration.
The dependence of the OMAR magnitude on the galvi-
noxyl concentration is shown in more detail in Fig. 3
for several temperatures from room-temperature down
to 50 K. This dependence has a characteristic feature
that is present at all temperatures. The OMAR mag-
nitude initially decreases rapidly with increasing doping
concentration, but reaches a plateau at intermediate dop-
ing concentrations, before finally decaying towards zero
magnitude at the largest doping concentrations. The
theory that will be developed below is able to repro-
duce this characteristic feature. For completeness, Fig. 4
shows the dependence of the OMAR traces for one sam-
ple (0.8% galvinoxyl doping) for several different tem-
peratures. The inset shows the I-V traces for the same
temperatures.
We now develop a minimal model to explain the MC’s
doping dependence. In particular we seek to explain the
temperature-independent decay-plateau-decay behavior
observed in Figure 3. To do so, we describe three dif-
ferent regimes, displayed in Fig. 5, and provide quali-
tative arguments assuming only a single galvinoxyl spin
interacting with the bottlenecked sites. This assumption
is believed to be justified because the density of galvi-
noxyl (ng) is small compared to the density of MEH-PPV
sites (nm); ng = fnm with nm = 1.428 × 10
21 cm−3.
The mean distance between dopants (host sites) is about
0.893λ−1/3 where λ = ng,mπ
3/2/Γ(5/2).16,17 The average
inter-distances are then 〈rm〉 ≈ 0.5 nm, 〈rg〉 ≈ 3.9 nm at
f ≈ 0.002, and 1.8 nm at f = 0.02.
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FIG. 4. Magnetoconductance traces for a device with 0.8%
galvinoxyl concentration for several different temperatures at
a current flow of 1.5 µA. The inset shows the I-V traces for
the same temperatures.
Our spin Hamiltonian is given by
H
′ = H ′hf +H
′
Z +H
′
exc =
(B′hf
1
+B′0) · σ1 + (B
′
hf
2
+B′0) · σ2 + (B
′
hf
g
+B′0) · σg
+
1
2
J ′(r1)(1 + σ1 · σi) +
1
2
J ′(r2)(1 + σ2 · σi) (1)
where fields are in units of ∆hf (the width of the Gaus-
sian distribution of hyperfine fields), energies in units of
Ehf , and rates in units of ωhf . The first two Hamiltoni-
ans yield conventional OMAR as described earlier. The
last Hamiltonian describes the galvinoxyl spins interact-
ing with the MEH-PPV bottleneck spins via exchange.
First, consider the dilute limit where the distance be-
tween the nearest dopant spin to the bottleneck is greater
than a critical length, rcrit. The critical length is de-
fined as the length below which the exchange strength
is greater than the hyperfine strength. Assuming an
exchange coupling, J(r) = J0e
−2r/ℓ (J0 is the on-site
exchange constant and ℓ is the localization length), the
critical length is rcrit = −
ℓ
2
ln(Ehf/J0). As the exchange
varies so strongly with distance, J(r1) ≫ J(r2), if we
define r1 to be the distance between the dopant spin and
nearest of the two bottleneck sites (so r1 < r2 necessar-
ily). So the dopant spin can be assumed to be just inter-
acting with site 1; the dopant spin adds another source of
spin-mixing in addition to the hyperfine fields at the bot-
tlenecked sites. This new source of spin-mixing reduces
the efficacy of the applied field in suppressing singlet-
triplet transitions and therefore the magneto-response is
lessened as shown in the “dilute” regime of Fig. 5.
The “semi-dilute” regime of Fig. 5 is reached when the
dopant is within rcrit of one and only one of the bottle-
neck components. The probability for the bottlenecked
spins, in the slow hopping limit, to be in either the sin-
glet (S = | ↑↓〉 − | ↓↑〉) or triplet (T0 = | ↑↓〉 + | ↓↑〉,
T↑ = | ↑↑〉, T↓ = | ↓↓〉) states can be determined by solv-
ing for the density matrix at long times.20 For example,
in high fields the probability is equally split between the
S and T0 states. However the existence of the third spin
modifies these probabilities and reintroduces T↑ and T↓
components. The probability of a S→S transition can be
determined by19
pS→S =
1
2
8∑
m=1
|〈m|PS |m〉|
2, (2)
where m labels the eigenvectors of the relevant spin
Hamiltonian and PS is the singlet projection operator.
The large exchange coupling modifies the probability
to pS→S(B0 → ∞) = 3/8. The zero-field probabil-
ity changes from 1/3 to 7/24. The difference between
no exchange and large exchange is that pS→S(B0 →
∞) − pS→S(B0 → 0) is exactly twice as small in the
latter case which is precisely the amount |MC| decreases
by at the lower temperatures (that is, the plateau is half
the height of the MC at f = 0). Aside from this mathe-
matical argument for the plateau, a more physical argu-
ment can also be supplied. Again assuming high applied
field, consider the state |S; ↑〉 (S represents the spin con-
figuration of the bottleneck and ↑ indexes the spin of
the galvinoxyl radical) which at any moment has a 1/4
chance of being the three-spin configuration. Fast ex-
change induces spin flip-flops between site 1 (which is in
S formation with site 2) and site g which mixes in T0
and T↑ states as made explicit in row three of Table I.
The probability to be |S; ↑〉 is now 1/8 because the same
probability is assigned to the flip-flopped state; the prob-
abilities of the T0 and T↑ can also be resolved as described
in the caption of Table I, yielding what we obtained using
Eq. (2).
Finally as the doping is increased further, the “quench-
ing” regime is reached where the MC decreases to zero.
With the increase in dopants, the chance increases for
a galvonxyl spin to be within rcrit of both bottleneck
sites. It is known that strong exchange between the two
bottleneck sites quenches OMAR because spin flip-flops
occur faster than the hyperfine fields can operate on the
spins;18,19 thus the spin configuration is effectively pinned
in their initial state. A similar phenomenon occurs in the
doped system under consideration here; the galvinoxyl
acts as an intermediary between the bottleneck spins,
through which they communicate, and ceases any spin
evolution.
Quantitative support for the above arguments is pro-
vided by solving a bipolaron model with the stochastic
Liouville equation21–23. This method has been a popular
choice for determining organic MC due to its flexibil-
ity in treating a variety of reactants.9,24 If we take the
dopant spin to interact with the nearest of either site 1
or site 2, the same behavior seen in regions I (dilute)
and II (semi-dilute) of Fig. 5 emerges except at higher
doping fractions (not shown). Such analysis assumes the
4FIG. 5. (Color online) Experiment (50 K; black symbols connected with black line for aide to eye) and theory (solid red line and
dotted orange line) clearly demonstrating three regimes of doping effects on magneto-transport. Region I: galvinoxyl molecule is
far from bottleneck such that both exchange couplings are smaller than the hyperfine coupling. Region II: galvinoxyl molecule
is now near one of the bottleneck sites such that its exchange coupling with that site is larger than Ehf (inequality denoted
by encircling dashed line). The exchange coupling with the further site however remains small compared to Ehf . Regime III:
Exchange couplings between galvinoxyl and bottleneck spins now dominate the hyperfine interaction. The galvinoxyl acts as
an intermediary for exchange interaction between the MEH-PPV sites which is known18,19 to effectively pin the spins thereby
quenching the magnetoconductance. Right: alternative image of the three different regimes.
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|S; ↑〉 1
exch.
↔ g 1
2
|S; ↑〉 1
2
|T0; ↑〉 −
1√
2
|T↑; ↓〉 0
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↔ g 1
2
|S; ↓〉 − 1
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1√
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↔ g 1
2
|S; ↑〉 1
2
|T0; ↑〉
1√
2
|T↑; ↓〉 0
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2
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TABLE I. Left column: the four possible spin states in high
magnetic field. Right section: spin at site one and galvinoxyl
spin-exchanged spin states. Top row: time-averaged weight-
ing; each element has that probability of occurring in the long
time limit when the bottlenecked carrier finally hops. For ex-
ample, the probability of a singlet is 1
8
+ 1
8
from the uncoupled
spin state options and 1
32
+ 1
32
+ 1
32
+ 1
32
which sums to a total
of 3
8
.
galvinoxyl placement to be independent of bottlenecks.
However better results are found if this assumption is not
made; we discover good agreement with the experimen-
tal features for regions I and II (solid red curve in Fig. 5)
when considering the dopant spin interacting solely with
site 1 across a distance specified by the probability dis-
tribution function16,17 p3(r, 1) = 3λr
2exp(−λr3), where
λ = 4ngπ/3.
23 This suggests the dopant interacts pref-
erentially with site 1 instead of site 2. It is reasonable
to think of the bottlenecks forming between two non-
identical sites — for instance site 1 might be a deep
trap.25,26 Likewise, the galvinoxyl dopant may find it en-
ergetically favorable to lie near one site over the other.
As the temperature is raised, this galvinoxyl finds more
freedom and hence is able to interact better with site 2.
The result is a degradation of the plateau (both its length
and ratio compared to f = 0) as observed in Fig. 3.
At some fraction, the dopants are sufficiently numer-
ous that a significant amount can interact strongly with
both MEH-PPV sites (e.g. dopants that fall in the over-
lap shown in Fig. 5); this is the quenching regime. It
can be modeled (orange dotted line in Fig. 5) by choos-
ing the dopant nearest to the midpoint between sites 1
and 2, given suitably large rcrit/a. It should be noted
that this criterion does not adequately account for the
lower doping regimes, so we have plotted the quenching
regime shifted to the doping amount where it appears to
dominate.
Our results are consistent with the non-monotonic be-
havior seen in the efficiency versus doping fraction in
P3HT/PCBM solar cells.13,14 Low and high doped solar
cells displayed roughly the same efficiency marked by a
substantial increase as intermediate fractions. We under-
stand these results qualitatively in the following manner:
at low dopings, the galvinoxyl interacts solely with the
PCBM electron which increases the likelihood of inert
triplets thereby enhancing efficiency. Increasing the dop-
ing by too much though allows the galvinoxyl to strongly
interact with the PCBM electron and the P3HT hole
which pins the spin states to what they are at the time
of their encounter (i.e. as if there were no doping). The
values used in our calculations can be found in the Sup-
plementary Material.23
In conclusion, we have provided the first magneto-
transport measurements in radical-doped organic semi-
conductors. A feature where the saturated magneto-
conductance plateaus over a wide range of doping frac-
tion is observed over all temperatures investigated. This
5phenomenon is well-explained by a theory in which a sin-
gle dopant spin strongly interacts, by exchange, with one
of the bottleneck sites. We attribute this effect also to
the efficiency increases observed in organic solar cells for
certain doping fractions.
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